Three soybean [Glycine max (L.) Merr.] germplasms were previously developed for unique fatty acid content: LPKKC-3 has fap1 and sop1 alleles for reduced palmitic acid, HPKKC-7 has fap2 and fapx alleles for elevated palmitic acid and DHL has the ol allele for elevated oleic acid, and fan and fanx a alleles for reduced linolenic acid. If these loci are independently inherited, soybean germplasms with useful combinations of these fatty acids could be developed that would result in a novel oil quality of great value for the food industry. Crosses were made between DHL and LPKKC-3, and DHL and HPKKC-7. The data from F 2 seed and F 2 progeny of DHL X LPKKC-3 indicated that the loci controlling reduced palmitic acid (fap1 and sop1) were independently inherited from the locus controlling elevated oleic acid (ol), and the loci controlling reduced linolenic acid (fan and fanx a ). Thus, the germplasm (LPDHL) with 4.0 % palmitic, 51.0 % oleic and 2.9 % linolenic acids was easily developed. The data from F 2 seeds and F 2 progeny of DHL X HPKKC-7 indicated that the loci controlling elevated palmitic acid (fap2 and fapx), and reduced linolenic acid (fan and fanx a ) were independently inherited. The locus controlling elevated oleic acid (ol) was also distinctly segregated but the contents of oleic acid were found to be reduced due to the presence of loci for elevated palmitic acid. Thus, one germplasm (HPLL) with 22.5 % palmitic acid and 2.7 % linolenic acid, and another germplasm (MHPDHL) with 17.1 % palmitic acid, 41.8 % oleic and 2.9 % linolenic acids were developed.
Introduction
Conventional soybean cultivars produce oil with an average of 11.0 % palmitic, 4.0 % stearic, 23.0 % oleic, 54.0 % linoleic and 8.0 % linolenic acids (Schnebly and Fehr 1993) .
The fatty acid composition of soybean oil completely determines its nutritional value (Hu et al. 1997) , storage compatibility (Robertson and Thomas 1976) , industrial properties (Miller et al. 1987) and potential food applications (Rakow and McGregor 1973, Vles and Gottenbos 1989) . The oils with different compositions of fatty acids can extend their usefulness to users.
Previously, we reported that many mutant alleles contribute to alter the fatty acid content in soybean oil . The palmitic acid content, which is involved in oil plasticity, has been altered in soybean by the formation of mutant alleles through the use of chemical mutagens or Xrays. LPKKC-3, the recombinant with a reduced content of palmitic acid, and HPKKC-7, the recombinant with an elevated content of palmitic acid, were developed by combining the alleles fap1 and sop1 , and fap2 and fapx (Rahman et al. 1999) , respectively. DHL, the recombinant with elevated oleic acid and reduced linolenic acid, was developed by combining the alleles ol, fan and fanx a (Rahman et al. 2001) . The proportion of these unsaturated fatty acids is known to have a good correlation with oil stability against oxidation.
Oils with modified contents of two different fatty acids have been developed in different oil crops, rapeseed (Auld et al. 1992) , flax (Ntiamoah et al. 1995 ), sunflower (Fernandez-Martinez et al. 1997 ) and soybean (Nickell et al. 1991 , Bravo et al. 1999 , Rahman et al. 2001 . However, there are no reports on the improvement of the contents of three or more fatty acids by combining multiple mutant alleles at a time.
This study is the first successful report to develop three novel soybean germplasms by combining 4 to 5 different loci for palmitic, oleic and linolenic acids. from the cross M-5 X M24 , and HOLL is an F 3 selection from the cross M23 X M-5 with a moderately reduced content of linolenic acid and an elevated content of oleic acid. The fatty acid composition and genotype of LPKKC-3, HPKKC-7, DHL and original cultivar Bay, are shown in Table 1 .
The lines LPKKC-3, HPKKC-7 and DHL were grown in a glasshouse at 28-30°C with a 12-h day length at Saga University, Japan in 1999. Crosses were made between DHL and LPKKC-3, and DHL and HPKKC-7. Seed of parents and F 1 seed were planted in the field at Saga University in July 1999. Each of the parent and F 1 plants was harvested individually. The F 2 seed was cut into two parts with a razor blade. The portion containing the embryonic axis was stored, and the portion containing a section of the cotyledon was used for fatty acid analysis. Fatty acid composition was determined from 320 F 2 seeds of DHL X LPKKC-3 and 250 F 2 seeds of DHL X HPKKC-7. Twenty seeds of each parent were analyzed individually. The identity of all F 2 seeds and their F 3 progeny was maintained during fatty acid analysis, planting and harvesting.
The range of palmitic, oleic and linolenic acid contents of the parents grown in the same field conditions with the F 1 and F 2 plants were used to classify the F 2 and F 3 seeds. An F 2 seed was considered similar to the parent when its fatty acid content was within the range exhibited by that parental seed. Thus, for palmitic and oleic acids in DHL X LPKKC-3, the F 2 seed was classified as similar to LPKKC-3, greater than LPKKC-3 to less than DHL, and similar to DHL. For linolenic acid, the F 2 seed was classified as similar to LPKKC-3, less than LPKKC-3 to greater than DHL, and similar to DHL. For palmitic and linolenic acids in DHL X HPKKC-7, the F 2 seed was classified as similar to HPKKC-7, less than HPKKC-7 to greater than DHL, and similar to DHL, but for oleic acid, no classification system could be applied because the content of this fatty acid was low in the F 2 seeds in general. However, the same classification was used to evaluate segregation of F 3 progeny from individual F 2 plants of these crosses.
The F 2 seeds with embryonic axis and seeds of the par-ent, C1727, and KK7 were planted in the field at Saga University in July 2000. Each plant was harvested individually. The genotype of each F 2 plant was determined from a random sample of 20 individual F 3 seeds per F 2 plant. Twenty individual seeds from each parent, C1727, and KK7 were also analyzed for fatty acid composition. One F 2 plant with the putative fap1 fap1 sop1 sop1 ol ol fan fan fanx a fanx a from the DHL X LPKKC-3, and one F 2 plant with each of fap2 fap2 fapx fapx Ol Ol fan fan fanx a fanx a and fap2 fap2 Fapx Fapx ol ol fan fan fanx a fanx a from DHL X HPKKC-7 were selected, on the basis of the progeny test. Twenty F 3 seeds from each of these F 2 plants and 20 seeds from each parent, C1727 and Bay were planted in the field in 2001, and the plants were harvested individually. A 15-seed sample of each F 3 plant from each F 2 derived line and of each plant from each parent, C1727 and Bay was analyzed for fatty acid composition.
To reduce the environmental effects on fatty acid composition, we collected seeds from pods of similar maturity on the fourth to seventh nodes of the main stem during fatty acid analysis. Fatty acid composition was determined by gas chromatography, as described by Takagi et al. (1989) . Chisquare analyses were performed to test the goodness of fit to expected genetic ratios. A single gene model was used to evaluate the segregation ratio for oleic acid content in F 2 seeds and F 2 plants of DHL X LPKKC-3, while for DHL X HPKKC-7, no genetic model was assumed. A two-gene model was applied to evaluate the segregation ratio for palmitic and linolenic acid contents individually in F 2 seeds and F 2 plants of DHL X LPKKC-3 and DHL X HPKKC-7.
Results and Discussion
Data for individual palmitic, oleic and linolenic acids from F 2 seed of the DHL X LPKKC-3 and DHL X HPKKC-7 were analyzed to determine if the genes for these fatty acids were in independent loci and the content of one fatty acid was affected by other fatty acids in this study. The palmitic, oleic and linolenic acid contents of the parents grown in the same environment as the F 1 plant was used to evaluate the segregation for these fatty acids among F 2 seeds in these crosses. The range of palmitic acid contents in LPKKC-3, HPKKC-7, DHL were 3.8 to 4.5 %, 20.1 to 23.2 %, and 10.1 to 11.2 %, respectively. Distribution of palmitic acid content in F 2 seeds of both DHL X LPKKC-3 (24 seeds similar to LPKKC-3, 277 seeds greater than LPKKC-3 to less than DHL, and 19 seeds similar to DHL) ( Fig. 1 and Fig. 3) , and DHL X HPKKC-7 (12 seeds similar to HPKKC-7, 222 seeds less than HPKKC-7 to greater than DHL, and 16 seeds similar to DHL) ( Fig. 2 and Fig. 4 ) satisfactorily fit the 1 : 14 : 1 ratio (χ 2 = 0.88; 0.70 > P > 0.50, and χ 2 = 0.90; 0.70 > P > 0.50, respectively). The same segregating ratio for both reduced and elevated palmitic acid contents was also observed in the F 2 plants (data not shown). However, palmitic acid contents in F 2 seeds and F 2 plants of both crosses were not affected even in the presence of genes for elevated oleic acid and reduced linolenic acid contents. The ranges of linolenic acid contents in LPKKC-3, HPKKC-7 and DHL were 8.7 to 10.4 %, 10.7 to 12.4 %, and 2.2 to 3.4 %, respectively. Distribution of linolenic acid contents in F 2 seeds of both DHL X LPKKC-3 (26 seeds similar to LPKKC-3, 274 seeds less than LPKKC-3 to greater than DHL, and 20 seeds similar to DHL) (Fig. 3) , and DHL X HPKKC-7 (18 seeds similar to HPKKC-7, 212 seeds less than HPKKC-7 to greater than DHL, and 20 seeds similar to DHL) ( Fig. 4 ) satisfactorily fit the 1 : 14 : 1 ratio (χ 2 = 1.93; 0.50 > P > 0.30, and χ 2 = 1.79; 0.50 > P > 0.30, respectively). The same segregating ratio for a reduced content of linolenic acid was also observed in the F 2 plants (data not shown). However, linolenic acid contents in F 2 seeds and F 2 plants of both crosses were not affected even in the presence of genes for reduced and elevated palmitic acid, and elevated oleic acid.
The ranges for oleic acid contents in LPKKC-3, HPKKC-7 and DHL were 21.9 to 26.2 %, 15.4 to 19.5 %, and 43.7 to 52.0 %, respectively. Distribution of oleic acid contents in F 2 seeds of DHL X LPKKC-3 (82 seeds similar to LPKKC-3, 169 seeds greater than LPKKC-3 to less than DHL, and 69 similar to DHL) ( Fig. 1) satisfactorily fit a 1 : 2 : 1 ratio (χ 2 = 2.07; 0.50 > P > 0.30), which is similar to that reported by Takagi and Rahman (1996) . Distribution of oleic acid contents in F 2 seeds of DHL X HPKKC-7 was remarkably different in terms of their contents, compared with the parents (Fig. 2) . Here, segregation was distinctly observed but it ranged from 16.8 to 42.8 %, compared with the range of 15.4 to 19.5 %, and 43.7 to 52.0 % in HPKKC-7 and DHL, respectively. Furthermore, an inverse association between elevated contents of palmitic and oleic acids was evident. An F 2 seed with elevated palmitic acid content (greater than DHL) always showed an oleic acid content less than the DHL. No single F 2 seed had a palmitic acid content similar to HPKKC-7 and oleic acid content similar to DHL.
To confirm if an elevated palmitic acid content has any genetic effect on oleic acid content, the F 3 progeny from F 2 plants of DHL X HPKKC-7 were analyzed. The ranges of palmitic acid contents in HPKKC-7, DHL, C1727 and KK7 were 20.1 to 23.2 %, 10.1 to 11.2 %, 17.4 to 18.5 % and 14.6 to 16.8 %, respectively. The ranges of oleic acid contents in HPKKC-7, DHL, C1727 and KK7 were 15.4 to 19.5 %, 43.7 to 52.0 %, 16.5 to 19.2 % and 23.1 to 27.0 %, respectively. The F 3 seeds of all F 2 plants with fap2 fap2 fapx fapx (palmitic acid content similar to HPKKC-7) had a reduced content of oleic acid that ranged from 15.1 to 29.3 %. Even, the F 3 seeds of all F 2 plants with fap2 fap2 (palmitic acid content similar to C1727) and those with fapx fapx (palmitic acid content similar to KK7) had an oleic acid content ranging from 15.8 to 43.2 % or 17.2 to 42.1 %, respectively, i.e. no F 2 plants with these genotypes singly or jointly had a single F 3 seed that possessed oleic acid similar to that of DHL. These results might have occurred due to the effect of fap2 fap2 and fapx fapx singly as well as jointly. Therefore, a recombinant with palmitic acid content similar to HPKKC-7 and oleic acid content similar to DHL could not be developed. Hartmann et al. (1996) , and Stoltzfus et al. (2000) also observed similar strong negative associations of an elevated content of palmitic acid with a reduced content of oleic acid, and concluded that cultivars with elevated palmitic acid would be generally expected to have a reduced content of oleic acid. In the present study, the oleic acid content was found to be elevated up to 42.8 % due to the ol allele even in the presence of fap2 or fapx alleles for elevated content of palmitic acid. Similarly, Fernandez-Martinez et al. (1997) developed a sunflower mutant (CAS-12) containing a high content of palmitic acid on a background of a high content of oleic acid, but when the palmitic acid content in CAS-12 increases from 2.4 to 30.7 %, the oleic acid content decreases from 88.7 to 56.6 %, compared with the parent BSD-2-423 with a high content of oleic acid.
One F 2 plant with the genotype fap1 fap1 sop1 sop1 ol ol fan fan fanx a fanx a (designated as LPDHL) from DHL X LPKKC-3, and one F 2 plant with each of the genotypes fap2 fap2 fapx fapx Ol Ol fan fan fanx a fanx a (designated as HPLL), and fap2 fap2 Fapx Fapx ol ol fan fan fanx a fanx a (designated as MHPDHL) from DHL X HPKKC-7 were selected, on the basis of the F 3 progeny test. The mean contents of palmitic, oleic and linolenic acids in 20 F 3 plants of LPDHL were 4.0 %, 51.0 % and 2.9 % respectively, compared with 4.0 %, 24.6 % and 9.1 % respectively for LPKKC-3, and 10.6 %, 49.5 % and 3.0 % respectively for DHL (Table 1) . The mean contents of palmitic acid and linolenic acid contents in HPLL were 22.5 % and 2.7 % respectively, compared with 22.2 % and 11.4 % respectively for HPKKC-7, and 10.6 % and 3.0 % respectively for DHL. The mean contents of palmitic, oleic and linolenic acid contents in MHPDHL were 17.1 %, 41.8 % and 2.9 % respectively, compared with 17.8 %, 17.7 % and 9.3 % respectively for C1727, and 10.6 %, 49.5 % and 3.0 % respectively for DHL.
The positive association between palmitic acid and linolenic acid found in the case of C1727 and HPKKC-7 (Table 1) , was also reported by Hartmann et al. (1996) , Bravo et al. (1999) and Stoltzfus et al. (2000) for genotypes with 10.3 to 42.7 % palmitic acid. However, the present study supports the conclusion of Hartmann et al. (1996) that the development of cultivars with a high palmitic acid content and low linolenic acid content would be difficult unless genes for a reduced content of linolenic acid were included in the breeding program. Bravo et al. (1999) combined the fan (A5) and fan2 alleles for reduced content of linolenic acid with the fap2-b and fap4 alleles for elevated content of palmitic acid and obtained lines with 25.0 % palmitic acid and 5.0 % linolenic acid. They did not recover any lines that had a linolenic acid content less than 3.0 %, that could be obtained when the alleles for reduced linolenic acid were in a genotype with the Fap2 and Fap4 alleles for normal palmitic acid content. In the present study, the linolenic acid contents due to fan and fanx a alleles in MHPDHL and HPLL were 2.7 to 2.9 % in the presence of fap2 allele singly or in combination with fapx allele for elevated content of palmitic acid (Table 1) . This difference in results emphasizes that it is not always possible to predict the way in which soybean oil composition will be changed by combining major genes for altered contents of fatty acids.
The origin of the recombinants LPDHL, HPLL and MHPDHL are of great interest. The LPDHL is a result of five alleles (fap1, sop1, ol, fan and fanx a ), and HPLL and MHPDHL are the results of four alleles (fap2, fapx, fan and fanx a , and fap2, ol, fan and fanx a , respectively), which are completely novel in the field of soybean seed oil research. The oil of these recombinants would have greater oxidative stability for the reduced content of linolenic acid (Mounts et al. 1988) . Additionally, the reduced content of palmitic acid would enhance the nutritional quality by lowering the total contents of saturated fatty acids (White and Miller 1988) and elevated content of oleic acid would increase the hearthealthy properties in the oil of LPDHL (Wardlow and Snook 1990 ). An elevated content of palmitic acid in HPLL and MHPDHL would reduce the need for hydrogenation in producing plastic fats, such as shortening and margarine
